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Abstract

Repeat-pass, interferometric,  radar obscrvatic)ns  of

Shuttle Imaging Radar SIR-C in Rondo]  lia,, l]razi]

tropical rain-forests collected by the

reveal  C-band (5.6 -cln) rafiar  signals

completely decorrelate  over the forest, wllel  eas 1,-band (24-cm) signals remain strong] y

coherent over the entire landscape. At L-band, the difference in elevation between forest, and

clearings is within the 8-nl height lloisc  of the data. At[nosphcric  delays are large, however,

forming kilometer-sized anomalies with a 1.2-cnl rrns OIIQ way. Radar interfero]netrie  studies

of humid tropics must be conducted at long radar wavelengths, with kilometric baselines or

with two antennas  operating simultaneously,

Introduction.

‘1’he recent advent

topography of land

of synthetic-aperture radar (S AR) illterferometry  to map t}le  surface

surfaces a]]d to detect wavele])gth-sized  changes in surface tclpography

caused by natural events has stirred enormous i[lterest for this technique in the scientific

community. Surface topography of our planet is poorly known, especially in the tropics

where digital topographic maps are almost nol(-existent, and SAR interferometry  may ofler

the only promise to provide self-consistent, global, topographic maps (Zebker et al., 1994).
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K1~owir]g  s~lrfacet  opogra~Jl~yi  sextrclllelyi  I[~])orta]]tf  orst~]dyirlgf orestede  cosyster]]s.  F;le-

vation,  slope and aspect exert enorlnous colitrxd  on intercepted solar radiation, precipitation

and runoff

) river flooding, evaporation, soil nl[)isture all

and aspect  in digit atform are also important

used to study and nlollitor  these regions.

for calibrat

vegetation type and health, Slope

ng remote sensing satellite imagery

h!lost  results obtained to date with SAR illterferolnetry  nave utilized SAR data collected by

the lturopean  YXS-1 satellite which operates a C-band frequency (5.6 cm wavelength) radar

with vertical transmit and receive polarizatioll. .41though the success rate of 1;1{S-1 repeat-

pass interfcrornetry  has been fairly high OVCI desert and polar ice sheets, several studies

suggested temporal c.oherellce  of the SAN si~;rlal  worsens colisiderably in the presence of

vegetation, mpccially  forests (e.g. Ilagberg  et al<, 1995).

‘J’he Shuttle lmagillg  ltadar C (SIR-C) experi~rlcnt  provided the first opportunity to co~npare

tll~  merits  and values of C- and 1,-band frec]uellcies  for repeat-pass radar interfero]llctry

applications over land. SIR-C collected illterfcron~etric data at a one-day repeat-pass cycle

during the last few days of its sccolld ]nissioll, covering large areas of the tropics. ‘J’he

i]nages analyzed here were acquired at 10.61° south, 63.51° west, south of the city of })orto

Velho and west of the city of Ariquemes,  ill tllc state of Rondonia,  Ilrazil,  on October 7, 8

a]ld 9, 1994, during data take (1)”1’) 119.4, 135.4 and 151.4 of the space shuttle. ~’he radar

ilnage shown in Figure 1 (1) ’1’ 119.4) is 46.1 knl x 34.3 km in size, with the radar flyi]lg from

left to right, looking to its left, 208 km above ground. l’he incidence angle of the radar

illulnination  is 47.2° at the center. Spatial resolution is 44 rn in range and 49 m in azimuth

(along-track) after spatial averaging using 6 salrl])les  in range and 6 ill azimuth. “1’he  ilnages

were acquired at 1,- (24 cln) and C-band (5,6 cm) frequencies, with vertical transmit and

receive linear polarization.
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‘1’he  state of Rondonia  has been charactcrizml  I)y spectacular defomtation  in the 1970’s

and 1980’s, thoroughly documcrltcd  by o~)tical sensors (rl’ucker et al., 1984). l,argc  areas

of tropical forests arc cleared every year to yield new pasture

a few subsidence cultivations. Cleared  areas ~c]lerally  appear

their low backscatter intensity, and arelocatcd  alongor  close

Methods

for raising cattle, along with

dark il~raclar  ir[lagcscl~]e  to

10 roads.

As all modern SARS, the SIR-C instrument recorded the amplitude and phase of the radar

returns expressed as a complex number for each image pixel. ’110 form an interferogram,

two successive ilnagcs were registered a]~d \ve computed the normalized cross-correlation

coefficient of the complex amplitudes measured by the radar over the same surface elclne][ts.

‘J’he mag]iitude  of the resulting nulnbers  measures the temporal coherellce  of the signal

between O (no coherc~lce) and 1 (perfect cohcrel]cc). ‘1’heir phase measures the relative

displacement of the surface elements along the radar line of sight betwccm the two instances

of ilna,ging.

‘l’he phase coherence image of the pair combining Dq’ (data take) 119,4 and 135.4 is shown

in l’igure 2 at 1,- and C-band. A si]ni]ar  image was obtained for 1) ’1’ 135.4 and 151.4. l.-bancl

c.ohcrwncc. is high for the forest, (> 0,7) and for cleared areas (> 0.85). C-band coherence is

only high for cleared areas (0.6) and very low (< 0,2) for the forest.

A height map obtained from t}le  first pair of images is shown in l’igure 3. ‘lThc baseline

was estimated using least square fitting a]ld 50 tic-points from a published topographic

lnap at 1:100,000. IIctween the first two passes, t}le  baseline separation was }] = 230 m,

with an orientation angle Q = -27° above hori~,ontal,  corresponding to a baseline colnponent

J)crpmldic.u]ar  to the raciar illunlinatioll  111 :- 63 m, slowly varying along-track. I{’or the
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second pair, }1 was 114 m and Q was 82.4°, yielding })1 = 93 m.

,. . .

Sources of Signal Decorrelation

l%ctors influencing signal cohcrcnce may be se~)arated  into two categories: 1 ) system ef-

fects, and 2) surface effects. System effects illclucle: 1 ) thermal noise, and 2) g~ometric.

decor-relation, These error  sources are indepcudent,  and their effect on temporal coherence

is  Inultip]icative  (Zcl)ker ancl Villasenor,  1992).

l’or thermal noise, the multiplicative coherence coefficient is

PSNR = 1/(1 + 1$~~~--1), (1)

where SNR is the signal-to-noise ratio. ‘lo estimate the noise floor of the data, we utilized

the backscatter level of the darkest parts of the image (open water  and shadowed regions).

‘J)he SNR of forest and clearings was estimated, respectively, at 12 d}] and 18 d]] at I,-

band,  and 16 dB and 20 cl]] at C-band. Wit]l  a 12-dl] SNR, psjv~~  is 0.94. ~The temporal

coherence reduction is therefore less than 6%.

Geolnctric  dccorrelation  occurs when the radar antennas do not point i~l the sa]ne direction

during successive passes. When the plane of incidence of the radar illumination is the same

for both antennas, the multiplicative factor modelillg the geometric effect is

2  IIL 1/, si112  (0)p~=]- -.——
A N

(2)

O is the radar illumination angle with the }Iorizonta],  A?, is the spatial resolution ill range,

and 1? is the range distance. With 9 = 42.8”, N = 287 kin, and 111 == 63 m, wc find pB

= 0.99 at 1,-band and 0.98 at C-band, i.e. < ‘2Y0  reduction in cohcrcnce,

If the planes of incidence of the radar illunli]tation from the two antennas arc squilltcd with

respect to each other, forming a non-zero aIip;lc  ArJ in the horizontal plane, coherence is
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further reduced, ‘1’he amount of dccorrelalio]l  depends 011 the proportion of overlapping

spcc.trum Letwcen the two images. l;acll SAR inlage has a bandwidth-limited azimuth

spectrum centered at a doppler  frequency (2 Vs sin ( ~~) / A), where V~ is tlie velocity of

the S.A}{ platform. Neglecting the effect of })1 , the ]nultiplic.ative  factor modeling ar[tcnna

squint is

{

. — — . .
~ _ 2 V, A+

PVJ = ——
A IJw

(3)

‘1’he  clo~)plcr bandwidth, l~W, was 950 }Iz at both L- and C-band. ‘1’he doppler frequency  of

1)”1’ 119.4, ]35.4 and 151.4 were estimated at 1,-balld  during SAR processitlg at, rcspective]y,

-81, -144, and

‘lhcsc system

which cannot

-4 IIz, yielding p+ = 0.!36 at I-band  and 0.81 at C-band.

effects cause an overall reduction in temporal coherence between 8 and 21%

explain the spatial pattern exhibited in Figure 2 and the complete lack of

coherence over forested areas. We conclude the low C-band co}lmcncc  is a surface effect.

A surface effect  implies a change in the llature  and spatial distribution of the scatterers

responsible for the Inca.sured radar returns i]] I)etwcen  the successive data takes. At C-band,

radar scattering models and experimetltal  evide]~c.e  showed radar scattering is dorllinated

by contributions fronl the smaller bra]~ches, twigs and needles or leaves of the upper canopy

(e.g. Heaudoin  et al., 1994). Random agitatiorls  in the pcmition  of small branches, twigs

and leaves, for instance induced by wind, are therefore most likely to affect phase coherence.

When the forest is frozen, the forest, canopy becomes ]nore transparent because the dielectric

constant is lower, and the role of the u~)per  callopy  corlditions  is diminished, Tclnporal

coherence greater than 0.5 was observed ill winter over boreal forests with ERS- 1 SAR

(Ilagberg et al., 1995).

At 1,-band, the radar signals penetrate deeper into the forest canopy and interact with the

larger-sized forest constituents such as tree-trunks and large branches, and the ground. The
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larger objects and the ground are less subject  to wi]ld influence or random fluctuations ill

position, explaining why signal cohercnco  is higher at 1,-band,

Topographic mapping at 1,-band

IIcight  errors  include uncertainties in range distance due to system clock

sampling clock jitter or atmospheric propagation delays, systcrn  attituc!e and

timing, data

bascli]ic  se])-

aration, altitude of the spacecraft, and phase ]Ioise (I,i and Goldstein, ]990). ]n exa]nining

local variations in surface height, however, height errors are dominated by phase noise and

range  delays through the atmosphere and the canopy.

q’he uncertainty in terrain height caused by ]Jhase Iloise is

(4)

(5)
lJ1 --p

0+ = --—- ——
JN P

N is the number  of samples used to average tile interferometric  phase, and p is the temporal

coherence of the signal directly measured froxll  the interferograms.  With N = 36, for cleared

areas  (p = 0.85), we find ad = 4° and ah = 5 In. l“or the forest (p = ().7), ~h is 8 in.

As radar signals penetrate the forest canopy, they interact with a medium of dielectric

constant greater than for air, increasing the electrical path lel!gth compared to that for

clearings. At our site, above-ground biomass averages 30-40 kg/1n2  (1’earllside et al., 1992),

wood density is 690 kg m- 3 (I]rown and l,ugo, 1992) and tree height, h, averages 30 m (pers.

observ., 1995), The volumetric fraction of fc)rcst  is only 0.1 7%. Using van IIcek (1967)’s

refractive model, a dielectric constant of 20 fc}r wood/leaves and I for air, we obtain  an

average dielectric constarit  of 1.01 for the

length  is 0.01 sin(d) h or 26 c~n, much less

forest. ‘l’he one-way

than phase noise.

6
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IItdlowing Goldstein (1 995), we estimated the range delays due to atmospheric propagation

by fitting a quadratic functio]l th~ough  tile phase data obtained from two interfcrograms.

‘l’he residual phase  disturbances arc showII  in l’igure 4, scaled between -3 cm and +3 cm

o]]e-way range  delay. ‘]’ILc rms error in electrical path length is 1.2 mn, 5 times larger than

observecl in the California  desert (Goldstein, 1995). larger values were expected in the

Iilore humid conditions of tropical rain-forests. With 111 = 63 m, these errors translate into

35 m uncertainties in surface height, occurring oJl a kilometer-scale basis, by far the largest

source of height uncertainty, ’11
0 reduce these height errors to 1 m rlns, }]1 must be > 2 kln

(l;q.  (4)), which is still possible to usc at 1,-band.

over  small regions, a few pixels wide, atmospheric delays arc uniform and height l~oise  is

dominated by phase Iloise, We compared the forest elevation with the elcvatioli  of adjace]lt

clearings by selecting pairs of 3 x 3 boxes (100 m x 100 m) in forest and non-forest areas,

along forest/non-forest transitions, separating the forest box from the non-forest box by 2-3

pixels to avoid possible cd,ge eflects. ‘1’he ]nea]i  and standard deviatioll in surface elevatioll

of each box is plotted for each forest/non-forest pair in IJigure 5. We make two observatiolls:

1 ) the standard deviation in height of the fo]est is about twice larger than that for cleared

areas; and 2) there is little contrast  in height between forest and clearings.

‘J’he first observation is consistent with tile high phase cohermlc.e  of cleared areas, where

surface scattering dominates. Phase coherence is lower in the forest, possibly because scat-

tering interactions occur at various heights within the forest canopy, dispersing the position

of the p}]ase centers.

suggests the 1,- band phase cellters are located only a few tneters‘1’hc  second observation

above ground. The average absolute differc]lce  between forest height and clear-cut height is

5 m, with a 5-nl standard deviation. l;dge effects arc negligible and radar penetration must



be considerable. Our field trip to Rondonia itl october  1995 co]lfirlned tree height averages

3(I m (e.g. Gram et al,, 1 995), and tile t]allsitioxl  to clearings is generally sharp (30 ]n in

distance), as e.g. in the farmland near t}~e scc]ie center.

A recent airborne radar i]ltcrferolnetry  / laser alti]nctry  experiment coliductcd in olcl-growth

forests of the l’acific  Northwest dmnonstratcd  the phase centers are already halfway Letwe.en

tllc canopy top and t}le  ground  at C-band (Rodriguez, et al., 1995). As signal attenuation

decreases with decreasing radar frequency, tile phase centers should be closer to the ground

at 1,-band. In the SIR-C data, the phase centers are below half way down the fc)rest  profile

(15 m), somewhere i), the lower 8 m of tile forest. Whether the phase centers arc actually on

the ground and L-band signals measure grou ]Id topography cannot be answered with these

data, however. More accurate data collected fro]n a dual-antenna instrument are required

to answer that question,

Conclusions

imaging radars operating at long radar wavelengths offer si,ro]tg and reliable temporal cohcr-

ellce for repeat-pass intcrferometric  app]icatiolls  over vegetated terrain and could Inca.sure

surface topography deep be]lea,th  thick vcgetaticm  canopies. Ilarge scale applications of

radar i]lterfcrometry  over the humid tropics must however be conducted in repeat-pass

mode with kilometric baselines, or with two a~ltennas  operating simultaneously to avoid the

limitations imposed by atloospheric  delays.
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}1’igurw 1. 1,-band (24-cm wavelength) radar ilnage of a test site in Rolldonia, llrazil.  l]nage
size is 46.1 km x 34.3 km, resolution is 30 II]. hTorth is pointi]lg 148° right from the top of
the image.

l’igure 2, Phase coherence image for the image pair combining data takes 119.4 WCI 135.4
(one-day ti]ne interval) at (a) C-hand  (5.6-(111  wavelengt}l);  and (b) 1,-bancl  (24 cm). IIigh
correlation is bright, low corrclatio]l  is dark.

l’igure 3. Elevatioll  lnap derived from the 1,-l) and data. IIue and saturation are ]Jroportional
to the inverse of the height, and illtensity  is proportional to the radar brightnms  at ],-band.
‘1’errain elevation ranges from 200 to 600 m.

l’igure 4. One-way ra]gc  delays caused by atmospheric perturbations, attributed to tur-
bulent  water  vapor, color codcc] between  -3 cln and + 3 cm (dark blue to purple, orange,
yellow, green and blue),  and superilnposcd  on the radar brightness of the terrain. Image
size is 46. ] krn x 34.3 km.

l’i.gure  5. IIlterfcrometric height of the forest versus nomforest using boxes 3 x 3 ilnage pixels
in size. ]Iorizontal  and vertical bars represc]lt the standard deviation of the IneasuremclLts.
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